This study was undertaken to determine the geologic factors that were important in making Pueblo Viejo, which contains over 600,000 kg of gold in relatively high-grade ore, one of the few acid sulfate deposits to be mined economically on a large scale. Orebodies at Pueblo Viejo, including Monte Negro, the focus of this study, are found around a maar-diatreme complex that formed in the upper part of the Lower Cretaceous Los Ranchos Formation. Ore is hosted by spilite, spilite-derived conglomerate, and intramaar carbonaceous sandstone and mudstone. Regional seawater alteration of these rocks was overprinted by two stages of advanced argillic alteration, both of which are associated with precious metals. Stage I produced deep alunite + quartz + pyrite and overlying kaolinite + quartz + pyrite assemblages and deposited gold in association with disseminated pyrite in wall rock. Stage II, which overprinted stage I, produced deep pyrophyllite ___ diaspore and an overlying (recrystallized) silica cap. Pyrite _ sphalerite _ enargite veins that probably formed in response to hydrofracturing of the silica cap contain gold grades of as much as 100 ppm. Vein density and assay data show that approximately 60 percent of the gold at Monte Negro is in disseminated stage I ore, with the remainder in stage II veins.
Introduction
ALTHOUGH acid sulfate precious metal deposits are widespread (Heald et al., 1987) , surprisingly few have the grade and tonnage required for large-scale bulk mining. Many deposits, including Goldfield (Ransome, 1909) been applied, results have been discouraging. The most prominent exception to this rule, the Pueblo Viejo district in the Dominican Republic, has produced over 50 metric tons of oxide ore grading approximately 4 ppm, all of which has been extracted by open-pit bulk mining methods at a rate of about 10,000 metric tons per day. Approximately 100 million metric tons of slightly lower grade sulfide ore, which is also amenable to bulk mining, underlies the oxide ore in the deposits at Pueblo Viejo. This report, which focuses on the Monte Negro deposit, the sec-ond largest orebody at Pueblo Viejo, was undertaken to identify the geologic factors that permitted Pueblo Viejo to be an economic success. 
Geologic Setting of Pueblo Viejo

Primary magmatic minerals in the Los Ranchos
Formation have been almost entirely altered to albite, quartz, cakeitc, ohiorite, illitc, smectite, epidote, actinolite, and prehnite. Evidence that these minerals were produced by seawater alteration rather than as a propylitic halo related to Pueblo Viejo mineralization is indicated by strontium isotope compositions of calcite in amygdules, which are similar to Cretaceous seawater .
The Pueblo Viejo district comprises several acid sulfate orebodies, of which Moore and Monte Negro are the two.largest (Fig. 2) . The deposits are found at or near the margin of the maar-diatreme complex, where they form mushroom-shaped bodies that overprint the regional seawater alteration. Monte Negro, which is found along the western margin of the maardiatreme complex contains 14 million metric tons of oxide ore grading 3.35 ppm gold and 7.6 ppm silver (0.8 ppm gold cutoff), which overlies a 37-millionmetric-ton sulfide reserve, grading 3.95 ppm gold and 22.4 ppm silver (2.5 ppm gold cutoff) (Russell et There is a sharp transition, over a few meters (Fig.  4B) , from kaolinite-bearing rocks to an underlying zone containing phenocryst sites that are occupied by clear quartz and alunite in a groundmass of finegrained (<50 •m) anhedral quartz, alunite, pyrite, and rutile. This alunite zone, which is entirely in spilite, hosts veinlets of quartz, alunite, and pyrite that exhibit mutual equilibrium textures (Fig. 5A ) and appear to be contemporaneous with the wall-rock alteration. Microprobe analyses of the alunite show a range of Na/(Na + K) mole ratios (0.2-0.8, Table 1 ) both in the wall rock and veinlets. These compositions suggest solid solution between alunite and natroalunite, despite experimental data (Stoffregen, 1988) permitting an assymetric solvus below 350øC. The alunite shows no spatial or temporal compositional zoning, and the observed range of compositions could reflect multiple pulses of fluid of slightly different compositions during the formation of the alunite zone or, more likely, retrograde reaction of alunite with later fluids.
Aluminophosphate-sulfate minerals, including svanbergite and woodhouseite, are located along the periphery of the alunite zone. These minerals are not directly associated with either alunite or kaolinite and occur with quartz as discrete euhedral to subhedral grains (<50 •m) in the wall rock or more rarely as veinlets with no alteration envelopes. Although they could be partly the result ofapatite replacement (Stoffregen and Alpers, 1987), local introduction of phosphorous is needed to account for zones containing as much as 5 percent of these minerals.
Inclusions of gold-rich electrum and tellurides, as well as Cu-As-Pb-Ag sulfides, have been recognized in pyrite framboids and euhedra in the wall rock in the kaolinite zone and are believed to have formed during stage I sulfidation of wall rock in the kaolinite zone (Kettler, 1989) .
Retrograding of stage I alteration, which is indicated by local replacement of alunite by sericite, suggests that the stage I thermal event decayed before the beginning of stage II alteration and mineralization. (Fig. 4C) . Petrographic evidence, discussed below, suggests that stage II is a distinct, later event that has overprinted and replaced stage I alteration to varying degrees. In the southern end of Monte Negro (Fig.  4C) 3.1-9.6), Pb-bearing sulfosalts (with compositions close to As-bearing bournonite, zinckenite, and boulangerite), stibnite, and galena, which occur either as inclusions or as rims or fracture fillings in pyrite, enargite, or sphalerite. 
Distribution of precious metals
Ore and selected rock assays were used to obtain additional information on the mineralogy, distribution, and paragenesis of Au and Ag at Monte Negro, and to determine how precious metal grades relate to stages and types of alteration at Monte Negro. Tellurium and gold assays from diamond drill core ( (Table  3) , assuming constant volume during alteration. Alteration types for the sample numbers are given in Table 3. was added to the rocks during alteration, although sample 7 (massive pyrophyllite) shows a significant loss of silica, which is consistent with the replacement of quartz during formation of pyrophyllite, as indicated by petrographic observations (Fig. 5C ). Aluminum is often considered to be immobile during hydrothermal alteration (Meyer and Hemley, 1967) , but this is obviously not a valid assumption in acid-sulfate systems. Sample 8, which is characteristic of stage II silicification, is substantially enriched in silica with a concomitant decrease in aluminum, supporting the petrographic observation that silica replaced kaolinitc in the silicified zones (Fig. 5E ). Aluminum addition is expressed by the formation of pyrophyllite. Much of the increases in iron that apparently took place during alteration might be due to pyrite veining (especially in the composite samples). Sample 7 indicates iron was leached during the formation of massive pyrophyllite although no pyrite destructive textures are seen in thin section. Magnesium, calcium, sodium, and potassium, for the most part, were completely removed during advanced argillic alteration.
Minimum concentrations in the fluid that would be required to explain the mass transfer for silica, aluminum, and gold can be calculated for various water/ rock ratios (Fig. 8) Ohmoto, 1986) respect to amorphous silica at 170øC and requires supersaturation with respect to quartz at 300øC. Water/rock ratios were probably somewhat higher, because it is unlikely that fluids could maintain such high silica concentrations during the entire life of the hydrothermal system. These high water/rock ratios (100-1,000) require minimum average aluminum concentrations on the order of 10 to 1,000 ppm and minimum average gold concentrations on the order of 0.1 to 10 ppb (Fig. 8) . The coexistence of pyrophyllite and diaspore in stage II alteration limits temperatures to between 285 ø and 320øC (Fig. 9, pattern 3 (Kettler, 1989) , supporting the suspected magmatic sulfur source for this system. If the sulfur source is assumed to be largely magmatic with an isotopic ratio of 0 per mil, a sulfate/sulfide ratio of 0.5 can be calculated from the sulfur isotope compositions of the pyrite-alunite pair listed in Table 4 The upper pH for the stage I alunite zone is limited by the alunite-muscovite phase boundary (pH --4), and the lower pH is limited by the alunite-native sulfur phase boundary (pH = 1.5). The kaolinitc-muscovite phase boundary (pH --2.9) is the upper pH limit for the kaolinitc zone. The lower pH is constrained by contours of total aqueous aluminum concentration that would be in equilibrium with kaolinitc. The 10-ppm isopleth (pH = 2) was chosen as the upper aluminum concentration limit, since aluminum appears to have been largely immobile during stage I alteration, as indicated by petrographic observations showing residual aluminum remaining in phenocryst sites as kaolinitc. The upperfo• limit for the kaolinitc zone is the kaolinite-alunite phase boundary, while the lower fo• limit would be the pyrite-pyrrhotite phase boundary (not shown in Fig. 10A) .
A pH range of 0.9 to 1.6 for pyrophyllite formation at 300øC during stage II is constrained by total aqueous aluminum concentrations of 1,000 to 10 ppm that would be in equilibrium with pyrophyllite, which is the range of minimum aluminum concentrations required to explain the aluminum addition that occurred during pyrophyllite formation. The upper fo• limit for stage II fluids is the alunite-pyrophyllite phase boundary. Although the lower fo• limit is the pyritepyrrhotite phase boundary, the lack of textures indicating replacement of alunite by pyrophyllite is evidence that the pyrophyllite-forming fluids were close to equilibrium with alunite and therefore near the alunite-pyrophyllite phase boundary.
Geochemical modeling of gold transport and deposition
Modeling parameters: The observations discussed above indicate that advanced argillic alteration and precious metal mineralization were contemporaneous at Monte Negro. It follows that precious metals are deposited by the same fluids that formed the advanced argillic alteration. This conclusion contrasts with suggestions that precious metals are introduced into acidsulfate systems when near-neutral, chloride ground waters flood the system after collapse of the acid-sulfate system (Stoffregen, 1987; Berger and Henley, 1989) .
In order to further evaluate the capacity of acidsulfate fluids to transport and deposit gold, we have used the computer programs CHILLER and SOLVEQ (Reed, 1982; Reed and Spycher, 1985 ; Spychef and Reed, 1989 ) to model ore-forming processes at Monte Negro. Specific gold-depositing processes that were modeled include sulfidation of wall rock during deposition of stage I disseminated gold mineralization, and boiling, fluid mixing, and cooling to account for gold deposition in stage II veins. Wall-rock reaction was not modeled for stage II because of the previously mentioned lack of alteration selvages around the veins. It should be kept in mind that these calculations do not constitute a comprehensive evaluation of all possible mineralizing processes in acid sulfate deposits and are, instead, an effort to quantify and further test processes that were indicated by our observations at Monte Negro. Total sulfur concentration, sulfate/sulfide ratio, and pH used for the model calculations (Table 5) , were derived from the fo2-pH constraints (Fig. 10) , with the fluids being constrained to the kaolinitc and pyrophyllite stability fields for stages I and II, respectively. Total aluminum concentrations were determined by saturation with kaolinitc (stage I) and pyrophyllite (stage II). Ca and Mg were constrained from minimum concentrations required to explain the mass transfer of these elements during alteration (Fig. 8) .
Total C1 and K concentrations were estimated at 1 and 0.1 m, respectively, as in the fo2-pH diagrams.
The concentration of total carbonate (10,000 ppm) was based on analyses of COs in 1-g samples of vein quartz (Kesler et al., 1986) . Silica was determined in both fluids by equilibration with quartz because there is petrographic evidence of quartz-kaolinite equilibrium during stage I, and stage II fluids passed from conditions of silica undersaturation through quartz saturation to silica supersaturation at approximately 300øC. The Na content was determined by charge balance constraints in the solutions. Na was used for this purpose rather than C1 because wall-rock alteration served as both a source (alteration of albite) and sink (formation of natroalunite) for Na, whereas no geologically reasonable source or sink for C1 could be identified. Total Fe and Au were fixed by equilibration with pyrite and gold, respectively. The relatively high Fe content indicated for stage II is supported by evidence for pyrite stability during stage II pyrophyllite formation and Fe assays as high as 30 percent in 2-m drill intervals. Copper and zinc were excluded from the calculations for simplification, although the fact that they form soluble chloride complexes (Barnes, 1979) The consumption of hydrogen ion, sulfate, and sulfide in this reaction caused an increase in pH and decreases in the oxidation state and concentration of aqueous sulfide (Fig. 12) . The oxidation state decreased because sulfur was consumed at a sulfate/sulfide molar ratio of 1/7 in eq (2), whereas the initial stage I fluid had a ratio of 1/100 (Table 5) (Fournier, 1985) , as discussed above. Other metastable silica phases were suppressed above 220øC, the previously noted upper temperature limit of these phases in active geothermal systems.
Results of modeling the stage II fluid indicate that although all three processes deposited gold in the veins, they produce distinctive vein mineralogies and textures. For instance, cooling and mixing would deposit large amounts of pyrite in the veins (85.1% for mixing and 67.8% for cooling) and essentially the same amount of gold (9.3 X 10 -5 g), indicating that cooling played a more important role than dilution of chloride in causing gold precipitation. Mixing did not cause significant deposition of silica (the lack of which is characteristic of the vein mineralogy) because the fluid did not reach sufficient levels of supersaturation with silica. In contrast, boiling precipitated only gold until 220øC, where chalcedony was allowed to precipitate. Pyrite did not form during boiling because aqueous sulfide was lost to the gas phase (Fig. 13) . Although AuCI• was the dominant aqueous gold species and the chloride content increased with boiling ( Fig. 13) , gold deposition resulted from the decreased solubility of gold as the temperature dropped. Note that pH decreased during boiling (Fig. 13) . This curious feature, which contrasts with the common view that pH increases during boiling by loss of CO2, which is derived by the following reaction:
HCO• -t-H + --H•O -t-CO2(g). (4)
At a pH of 2.5, essentially all of the dissolved carbonate is in the form of H•CO3, and there is only a negligible amount of HCO• in the fluid, which makes pH increases due to eq (4) insignificant relative to pH decreases due to disassociation of weak acids during cooling (Drummond and Ohmoto, 1985; Reed, 1989) . These results suggest that a combination of the processes modeled here was required to produce the observed gold-bearing stage II veins. Of particular importance in this regard is the observation that much The second, third, and fourth important processes are intimately related and represent critical stages in the history of mineralization and alteration at Monte Negro. The second process was clearly sulfidation of wall rock and associated disseminated gold deposition during stage I advanced argillic alteration. Gold grades produced by this process were marginal from an economic standpoint, but they provide a much better background than barren rock to be cut by stage II gold-bearing veins. For instance, using the data in Table 3 • The log K values were determined by adding a correction of-6.5 kJ per mole of aluminum to the free energy value reported by Helgeson et al. (1978) , as recommended by Hemingway et al. (1982) 
